Plasma membrane proteins that are exposed on the cell surface have important biological functions, such as signaling into and out of the cells, ion transport, and cell-cell and cell-matrix interactions. The expression level of many of the plasma membrane proteins involved in these key functions is altered on cancer cells, and these proteins may also be subject to post-translational modification, such as altered phosphorylation and glycosylation. Additional protein alterations on cancer cells confer metastatic capacities, and some of these cell surface proteins have already been successfully targeted by protein drugs, such as human antibodies, that have enhanced survival of several groups of cancer patients. The combination of novel analytical approaches and subcellular fractionation procedures has made it possible to study the plasma membrane proteome in more detail, which will elucidate cancer biology, particularly metastasis, and guide future development of novel drug targets. The technical advances in plasma membrane proteomics and the consequent biological revelations will be discussed herein. Many of the advances have been made using cancer cell lines, but because the main goal of this research is to improve individualized treatment and increase cancer patient survival, further development is crucial to direct analysis of clinically relevant patient samples. These efforts include optimized specimen handling and preparation as well as improved proteomics platforms.
Plasma membrane proteins that are exposed on the cell surface have important biological functions, such as signaling into and out of the cells, ion transport, and cell-cell and cell-matrix interactions. The expression level of many of the plasma membrane proteins involved in these key functions is altered on cancer cells, and these proteins may also be subject to post-translational modification, such as altered phosphorylation and glycosylation. Additional protein alterations on cancer cells confer metastatic capacities, and some of these cell surface proteins have already been successfully targeted by protein drugs, such as human antibodies, that have enhanced survival of several groups of cancer patients. The combination of novel analytical approaches and subcellular fractionation procedures has made it possible to study the plasma membrane proteome in more detail, which will elucidate cancer biology, particularly metastasis, and guide future development of novel drug targets. The technical advances in plasma membrane proteomics and the consequent biological revelations will be discussed herein. Many of the advances have been made using cancer cell lines, but because the main goal of this research is to improve individualized treatment and increase cancer patient survival, further development is crucial to direct analysis of clinically relevant patient samples. These efforts include optimized specimen handling and preparation as well as improved proteomics platforms. Identification of potentially useful proteomics-based biomarkers must be validated in larger, well defined retrospective and prospective clinical studies, and these combined efforts should result in identification of biomarkers that will greatly improve early detection, prognosis, and prediction of treatment response. Molecular & Cellular Proteomics 9:1369 -1382, 2010.
During the past two decades, there has been a growing interest in systems biology approaches toward discovering new biomarkers that may allow early diagnosis, prognosis, classification of disease subtypes, prediction of treatment response, and identification of potential targets for drug therapy. For most of these applications, a single marker is likely insufficient for stratification, and a panel of markers, the socalled molecular profiles or biosignatures, can be more informative. Such biomarker profiles can be identified at different molecular levels, such as DNA, RNA, microRNA, and protein, and include a plethora of different modifications from DNA deletions/amplifications and gene and microRNA expression alterations to post-translational modifications (PTMs) 1 of proteins. A significant portion of the biomarker discovery efforts using -omics approaches has been in the area of cancer, and several markers are already in routine clinical practice, such as K-Ras mutation and HER-2 amplification. In particular, global gene expression analysis has been extensively utilized, and the cancer management results are currently being translated into clinical tests, such as MammaPrint and Oncotype DX. Proteome analysis of cancer tissue samples as well as identification of potential protein biomarkers within serum or plasma is also a growing field. The direct analysis of protein, the functional unit of the cell, using proteomics analysis has several advantages over indirect measures, such as transcriptomics analysis, despite requiring more tissue and being more time-consuming. Proteomics technologies for analysis of clinical specimens are rapidly being refined. A particular area of interest is the cell surface proteome because it is easily accessible and may serve as an ideal target for novel protein drugs. We focus herein on the most recent proteomics developments in the cancer biomarker discovery area with a particular focus on plasma membrane (PM) proteins.
PLASMA MEMBRANE PROTEINS
Membranes play a critical role in cell structure by providing a physical barrier between the cell, the environment, and the various subcellular compartments. The cell surface membrane, or PM, encloses the cell and maintains the essential boundaries between the cytoplasm and the extracellular environment. PM proteins constitute ϳ50% of the mass of the PM and exhibit essential specific or multidisciplinary functions (1) (2) (3) (4) . Membrane-associated proteins include proteins physically embedded in the lipid bilayers, such as ion channels and transmembrane proteins, and proteins anchored to the membrane that sense external signals, transport specific molecules, and connect the membrane to the cytoskeleton, the extracellular matrix (ECM), and adjacent cells (5) . Thus, a number of PM proteins are permanently bound to the lipid bilayer as integral or peripheral proteins, whereas others associate to the membrane only briefly under specific conditions (6) .
PM receptors are transmembrane proteins that bind hydrophilic signaling molecules that cannot cross the lipid bilayer and ultimately act as signal transducers to regulate cell processes. They can be subdivided into four main classes: G-protein-linked, enzyme-linked, ligand-gated ion channel-linked, and receptors of cellular adhesion. Thus, receptors are key molecules for cell survival and consequently primary therapeutic targets. Many receptors are found tightly associated with other proteins, and information gained from proteomics of receptor complexes in PMs can elucidate the mechanisms of drug action and possibly the mechanisms of diseases (7) . Receptor-protein interactions are independent of protein synthesis, making proteomics the principal approach, as opposed to genomics and transcriptomics, for analyzing signaling and regulation of receptors (8, 9) .
A current estimate indicates that 30% of all the predicted open reading frames in a typical genome encode membrane proteins and PM proteins in numbers that represent a significant portion of the human proteome. However, because PM proteins are low abundant compared with many soluble proteins, the overall fraction of PM proteins in a cell/tissue lysate is very low, making them difficult to study even with the recent advances in proteomics technologies (10 -12) .
PLASMA MEMBRANE PROTEIN ALTERATIONS ASSOCIATED WITH CANCER
The phenotypic changes associated with malignant transformation, including cell proliferation, adhesion, and migration, are often mediated or initiated by proteins associated with the PM, making these central in the biological process and potentially effective drug targets (13) (14) (15) (16) . The difference between the cancer cells and the normal cells from which the cancer cells mutated are often alterations in the expression level of particular PM proteins. This can be either higher expression of a certain receptor, such as HER-2, that can contribute to tumor cell growth when activated by circulating or locally produced ligands or down-regulation of certain adhesion molecules that allow the cells to detach from the primary tumor and spread (17) . In many comparative proteomics MS studies of cancer cell lines, such as cancer versus normal cells or metastatic versus non-metastatic cancer cells, a cutoff of 2-3-fold difference is set to determine whether proteins, including PM proteins, are differently expressed in the two groups, whereas in other studies as little as 1.2-1.5-fold differences are considered a significant difference (18 -20) . Whether these alterations have biological meaning is difficult to evaluate, but smaller expression alterations in several interacting proteins may have additive effects. Confirmatory studies using different biochemical assays may elucidate this. In addition, the expression of the differently expressed PM proteins in biologically relevant clinical tissues is often not evaluated, although it is hypothesized that these proteins may be potential therapeutic targets or biomarkers. In some studies, however, the identified proteins were examined in detail, including evaluation of their expression in clinically relevant tissue samples (21-23).
More rarely, specific PM proteins that are expressed in normal cells are not expressed in the corresponding malignant cells. An example of this is down-regulation or lack of HLA class I antigen expression in some tumors. In other rare cases, proteins not normally expressed by most normal cells are expressed in the cancer cells, possibly representing oncofetal antigens, such as survivin (24), and cancer/testis antigens (25). These proteins are important in specific stages of fetal development but are not, with the exception of germ cells, expressed in normal adult tissues. Most of these cancer-specific antigens are intracellular proteins and not PM proteins (25).
Altered Post-translational Modification of Cancer CellsAlthough the amino acid sequence of the PM proteins predominantly determines their three-dimensional structure, the PTMs, such as glycosylation and phosphorylation, of the proteins modulate their physical and chemical properties and thus their stability and molecular function. The diversity of PTMs expands the functional properties of key proteins in the cell and plays an important role in the processes of cell division, differentiation, growth, cell death, and interaction with stromal tissue for both normal and cancer cells (26). Several proteomics methods (described later in this review) for studying the various PTMs of proteins in complex biological systems have been developed, but the pattern of PTMs in normal and cancer cells at a given time and under given conditions remains to be systematically investigated (27) .
Glycosylation of Cancer Cells-Among the various PTMs, glycosylation is the most common, being present in ϳ50% of the total number of proteins (28). Cancer cells frequently display glycoproteins with increased branching of the glycan structures and/or altered expression levels compared with normal cells, and these alterations most often involve Asn (N)-and Thr/Ser (O)-linked glycans and proteoglycans (29). An increase in the branching creates additional sites for terminal sialic acid residues, negatively charged acidic sugars that can be recognized by lectins (30). The alterations can affect interactions between cancer cell-associated PM glycoproteins and endogenous lectins that subsequently may in-fluence the metastatic potential of the cancer cell (31, 32). Enhanced expression of terminal ␣2-6-linked sialic acid on N-linked glycans and of sialyl-Lewis X on O-linked glycans (typically found on mucins) often correlates with poor prognosis (33-35). Although the glycan structure or expression level of many PM glycoproteins may be altered, alterations may also occur on secreted glycoproteins and serve as biomarkers for early detection of cancers (29, 36 -38) .
Glycan analysis can be challenging for several reasons. Unlike proteins, glycan biosynthesis is governed by a series of enzymes present in the cell and does not rely on an underlying template. As a result, the cell can reproduce a single amino acid sequence each time it synthesizes a specified protein, whereas the glycosylation pattern in cancer can be highly aberrant due to changes in the expression or activity of glycosyltransferases and glycosidases (e.g. sialyltransferases and fucosyltransferases) (39 -41). Proteomics approaches to elucidate glycoprotein patterns have mainly focused on cell lines or serum/plasma from which the glycoproteins have been enriched followed by identification of glycan structures or deglycosylated peptide sequencing through MS analysis (42-45). Profiling glycans on invasive versus noninvasive breast cancer cell lines identified statistically significant differences in certain neutral, sialylated, and fucosylated structures, suggesting that these profiles may contain distinct glycan biomarkers that may correspond to glycan signatures of cancer (46) . Well characterized N-glycosylation alterations in sera of breast cancer patients compared with disease-free controls include increased sialylation and fucosylation of glycan structures (47, 48) . Profiling glycoproteins, without specific identification of the glycans, of premalignant versus malignant/metastatic cell lines identified a range of unique glycoproteins associated with breast cancer metastasis (49) .
A complete characterization of altered glycoproteins between cancer versus normal cells requires identification of the protein, the glycan composition, and the glycosylation site. Characterization of the peptide or the glycan structure alone will not determine whether the alteration is due to a more abundant glycoprotein, more frequent occupation of a specific glycosylation site, or an alteration in the glycan structure alone where altered expression of glycosyltransferases is likely involved. Performing such a complete analysis is complicated by the complexity of biological samples, low levels and heterogenous structures of glycans, and lack of a single technique that can provide a full qualitative or quantitative structural analysis of glycoproteins or glycopeptides (50) .
Mucins are a family of high molecular weight, heavily glycosylated proteins that are overexpressed in most carcinomas (51) . Some mucins are PM-bound due to the presence of a hydrophobic membrane-spanning domain that favors retention in the PM, whereas most mucins are secreted and can serve as ligands for adhesion receptors, such as selectins, that promote the ability of tumor cells to interact with host platelets, leukocytes, and endothelial cells (29). MUC1, which is one of the PM mucins, is anchored to the apical surface of many epithelial cells. In breast, colon, and a number of other epithelial tumors, MUC1 is overexpressed and exhibits truncated O-glycan structures (52) . MUC1 is the main component of Stimuvaxா, a vaccine that stimulates the immune response of the patient against MUC1-expressing cancer cells, that is currently being evaluated in two phase III trials in non-small cell lung cancer and estrogen receptor (ER)-positive breast cancer (53) .
Tumor markers in current clinical use, such as human chorionic gonadotropin-␤, ␣-fetoprotein, carcinoembryonic antigen, prostate-specific antigen, HER-2, and mucins (e.g. CA 19.9, CA 125, and CA 15.3), are all glycoproteins that are either membrane-associated or secreted to the serum (37, 54, 55) . Typically, the disease marker is the protein part and not the glycan moiety of the glycoprotein or mucin.
Phosphorylation of Cancer Cells-Protein phosphorylation of tyrosine, serine, and threonine amino acid residues is a reversible PTM and a key mechanism in the regulation of cellular signaling pathways that control biological processes. Protein phosphorylation is strictly controlled by the interplay between protein kinases and protein phosphatases (56, 57) . Phosphoproteins are present at very low levels, and the phosphorylation process is a transient modification, enabling the cell to respond to cellular or environmental changes by phosphorylation/dephosphorylation (58) . Abnormal protein phosphorylation is known to cause, or be a consequence of, many diseases, including cancer (59, 60) .
Tyrosine kinases are among the most important oncogenes yet known. Receptor tyrosine kinases are found on the PM and bind to peptides, such as epidermal growth factor, platelet-derived growth factor, fibroblast growth factor, and insulin and insulin-like growth factor. Following ligand binding, the receptor tyrosine kinases undergo dimerization and autophosphorylation, resulting in phosphorylation of tyrosine sites in other proteins (61) . Phosphorylation often occurs at multiple residues within a protein and, in most cases, by different protein kinases activated by diverse mechanisms, making proteomics analysis of these changes very challenging. Most phosphoproteomics studies involve the enrichment of phosphorylated proteins from tissue or cell lines prior to MS identification and quantification of protein phosphorylation sites (62, 63) . Various new cancer drugs and drug candidates are aimed at protein kinase targets, such as epidermal growth factor receptor (EGFR)/HER-1 and HER-2 (64 -66) .
Plasma Membrane Proteins and Cancer Metastasis-Metastases are established through a complex set of events that is yet not fully elucidated but that requires detachment of single cells from the primary tumor, penetration of the tissue matrix, and migration to distant locations where they induce angiogenesis and undergo expansive growth (67) . The metastatic process is highly dependent on interactions between tumor cell PM proteins and the microenvironment, and metastatic cells develop PM protein alterations that enable them to bind more strongly to corresponding ECM proteins, including laminins, collagens, and proteoglycans (67, 68) . The interaction between PM proteins and the ECM activates signaling cascades that regulate gene expression, cytoskeletal organization, cell adhesion, and cell survival mechanisms, resulting in degradation of ECM by specific enzymes, such as the matrix metalloproteinases and the urokinase-type plasminogen activator. As a result, cancer cells become more invasive, migratory, and able to survive in different microenvironments (69) .
Integrins, a diverse family of glycoproteins that form heterodimeric receptors for ECM molecules, comprise one of the primary links between tumor cells and the ECM and play essential roles in several steps of the metastatic process (70) . The heterodimeric receptors are composed of an ␣ and a ␤ subunit; there are 18 ␣-subunits and eight ␤-subunits, giving rise to at least 24 different integrin heterodimers. In a recent quantitative proteomics study of PM protein alterations associated with the ability of disseminated breast tumor cells to establish lung metastasis, we demonstrated that integrin ␤ 1 , ␣ v , and ␣ 6 were more highly expressed on cells capable of generating metastasis. Immunohistochemical analysis of clinical breast cancer biopsies confirmed a significant correlation between high integrin ␤ 1 expression and poor outcome, 
PROTEOMICS METHODS FOR STUDY OF PLASMA MEMBRANE PROTEINS
The complexity and concentration of individual proteins in the sample are crucial when performing proteomics analyses because abundant proteins may hinder the detection of more infrequent proteins, e.g. PM proteins. Separation of crude extracts according to the different biochemical features of the subcellular compartments and organelles increases the likelihood of detecting the more infrequent proteins. Proteins expressed at low levels may be enriched from larger volumes by selective fractionation, immunoprecipitation, chromatographic, or electrophoretic methods (74 -77) .
Proteomics Analysis of Cell Lines-Most strategies used for enrichment of PM proteins from cultured cells use either homogenization followed by membrane density separation or whole cell protein tagging followed by affinity purification. The former is usually initiated by a step in which the cells are incubated in a hypotonic buffer followed by mechanical homogenization and removal of nuclei and cell debris by centrifugation at low speeds (8, 23, 71, 78 -80) . The membranes, including the associated membrane proteins that are maintained in the supernatant, can be separated based on the different lipid-to-protein ratios in the different cellular membranes either in a discontinuous sucrose gradient or on a 35% sucrose cushion (8, 79) . The latter approach was used to identify differentially expressed, functionally related proteins in three breast cancer cell lines versus a human mammary epithelial cell line (8) . Alternatively, a crude membrane fraction containing all membrane types can be obtained by sedimenting the membranes by ultracentrifugation and separation by SDS-PAGE (23, 78). Membrane purification may also be achieved by combining different methods, such as sedimentation and a discontinuous sucrose gradient (80) or Percoll/sucrose density separation (71, 78) ; both strategies separate the membranes of different organelles according to their varying densities (81) . We have obtained good results with PM protein separation using a Percoll/sucrose density gradient to compare a metastatic versus a non-metastatic cell line and identified 526 membrane proteins of which 16 exhibited altered expression between the two cell lines. Two of the proteins were also expressed at significantly higher levels in primary tumors that had spread within a 10-year follow-up period compared with tumors that had not (22, 71).
Enrichment of PM proteins using whole cell protein tagging is often based on a membrane-impermeable biotin labeling reagent followed by cell lysis and affinity purification using streptavidin-coated beads (18, 19, 21, 73) . Other systems, including coating with cationic silica beads and purification through a density gradient, have also been used (82) . Conn et al. (21) used biotinylation and streptavidin precipitation to isolate PM proteins from a fibrosarcoma cell line pair that differed 50 -100-fold in their ability to intravasate and disseminate. They found that NCAM, JAM-C, and tissue factor were expressed at higher and TIMP-2 was expressed at lower levels in the highly invasive versus less invasive cell line. Other alternative purification approaches include lysing cells directly in the cell culture flask and sequentially recovering the basolateral cell membranes (83) or purifying subpopulations of PM proteins, such as glycoproteins, through lectin affinity purification (49). Wang et al. (49) identified a number of proteins that exhibited altered expression in a precancerous versus a malignant metastatic breast cancer cell line by extracting glycoproteins using lectin affinity columns.
Proteomics Analysis of Patient Material-Cancer cell lines are easy to handle and comprise a homogeneous and almost inexhaustible source of biological material, including proteins (84, 85) . However, each cell line represents only one tumor unaffected by signals from the microenvironment, and the cells may have been subjected to clonal drift and in vitro selection, which may render them less representative of the tumor from which they originated (84 -86) . It is more clinically relevant, but less straightforward, to perform a proteomics analysis directly on patient tumor tissue from which proteins may be extracted immediately upon removal from the patient (87) or later from frozen or formalin-fixed, paraffin-embedded (FFPE) tissue (88 -91) .
Protein purification from tissue specimens can be achieved similarly to that of cell line material, although there are some important differences. Tissue, especially from solid tumors, is harder/more compact and requires harsher mechanical homogenization methods, e.g. various types of bead mill, rotor-stator, blade homogenizers, grinders, or ultrasonic disintegrators (92) . The preparation protocols for the tissue samples should ensure reproducibility and minimize loss of polypeptides and bias of the composition while removing interfering compounds, such as aggregates, lipids, and carbohydrates, especially if the aim is to compare different samples. As described for cultured cells, enrichment strategies need to be used for PM proteins to identify and compare their levels in different tissue samples. Nielsen et al. (93) purified PM proteins from murine brain tissue using centrifugation and density separation, procedures similar to those described for cell line material, and by adding a reverse phase chromatography separation step, up to 60% of membrane proteins were identified. Ex vivo biotinylation offers another PM protein purification strategy. By injecting biotinylation solution into the blood vessels of surgically excised colon specimens from colon cancer patients, Conrotto et al. (94) were able to affinity purify cell surface proteins from the tumors and identified proteins primarily expressed in colon cancer and not in healthy tissues.
The experimental parameters must be carefully controlled to distinguish between true clinical differences and variations in sample collection and experimental setting or normal biological variability (95) . Stringent sample collection, storage, preparation, and analysis are required, and several standardized protocols have been established (96) . To avoid protein degradation, biological samples should be aliquoted and stored at Ϫ80°C or lower, and protease inhibitors should be added as soon as possible (97, 98) .
In addition to technical considerations, when performing proteomics analysis of clinical tumor samples, issues, such as tumor heterogeneity, percentage of necrotic tumor tissue, and percentage of tumor versus surrounding cells (connective tissue, blood vessels, and infiltrating immune cells), must be considered (99) . When using tissue samples from patients with well defined medical histories and long term clinical follow-up, the conditions under which these historical samples have been stored must also be evaluated. Moreover, it is crucial to analyze an adequate number of tissues to ensure statistical validity; proteomics are time-consuming, and many studies use too few samples. Finally, the study design is crucial; an initial discovery phase to identify candidate proteomic markers associated with a particular disease condition should be followed by a validation study using an independent sample set. For this purpose, collections of FFPE or frozen tissues stored in biobanks around the world are especially useful because they permit studies with long term end points, such as recurrence of breast cancer that can take 10 or more years to manifest. The use of such archival tissue for proteomics analysis requires introduction of additional purification steps, e.g. to remove paraffin, which renders the proteins very hydrophobic and thus difficult to solubilize. Furthermore, both paraffin and formalin may give rise to additional peaks in the mass spectra obtained from such tissue. A few groups have successfully obtained useful proteomics data from analysis of FFPE tissue (88, 91, 100). Hood et al. (91) compared protein expression in prostate cancer and benign prostate hyperplasia tissue from the same patient using cells from different areas (i.e. cancer and hyperplasia) of a 10-m-thick section of FFPE tissue block. The proteins were isolated using laser microdissection, digested directly in the deparaffinized tissue, and analyzed by linear ion trap MS. For quantification, the peptides were labeled with 18 O and 16 O, and 68 proteins were found to exhibit altered expression (91) . Assessment of the cellular localization of the identified proteins revealed another important issue regarding MS analysis of archival tissue. The purification procedures often only contain few steps to compensate for the low amounts of protein available or protein degradation. Consequently, there is no PM protein enrichment step, and the percentages of identified membrane and PM proteins are often lower in studies using tissue than in studies using cell lines. Hood and Cheresh (71) identified ϳ25% of membrane proteins from FFPE tissue compared with 66% in our recent cell line study.
The most prevalent method for analysis of frozen and fresh tumor tissue is two-dimensional gel electrophoresis combined with MALDI-TOF MS, but PM proteins are rarely identified using this technique (90, 101) . Celis et al. (87) used this strategy to examine fresh mammary adipose tissue and corresponding fat interstitial fluid from 21 high risk breast cancer patients. A total of 359 unique proteins, including numerous signaling molecules, hormones, cytokines, and growth factors involved in a variety of biological processes, were identified. Sprung et al. (102) compared shotgun proteomics analyses of frozen versus FFPE specimens prepared from the same colon adenoma tissues. Following deparaffinization, rehydration, and tryptic digestion under mild conditions, analysis of the combined frozen and FFPE data showed a 92% overlap in the protein groups identified, suggesting that proteomics analysis could be performed on retrospective FFPE tissue. Furthermore, equally low (ϳ10%) amounts of PM proteins were identified.
Identification of Post-translational Modifications-Elucidating a full range of PTMs, such as phosphorylations and glycosylations, from highly complex biological systems is complicated by their low abundance and heterogeneity in the starting material. Most phospho-and glycoproteomics studies use MS as the most sensitive method for detection typically combined with an enrichment step or derivatization/ tagging as phosphorylated and glycosylated peptides tend to display a decreased signal intensity in MS in the presence of non-modified peptides (41, 103, 104) .
Glycosylation is the most complex, but also one of the most common, types of modification. Glycoproteomics usually includes enzymatic digestion of the glycoprotein-containing samples to generate peptides and glycopeptides. The glycopeptides are then enriched using selective chromatographic methods, typically using immobilized lectins, hydrophilic interaction LC, titanium dioxide (TiO 2 ), or graphite (41, 49, 50, [105] [106] [107] [108] . Lectins, e.g. concanavalin A, differ in their specificity and selectivity toward glycan compositions, and serial lectin affinity chromatography with immobilized lectins will recover various subsets of glycopeptides from complex biological samples (104, 109, 110) . Hydrophilic interaction chromatography makes use of the polar interactions between the hydroxy groups of glycans and the stationary phase, and in this method, the retention mechanism is governed by the size of the glycan, resulting in separating glycoforms with the same peptide moiety (111) . Titanium dioxide is a very selective method for quantitative and qualitative assessment of sialic acid-containing peptides from complex peptide mixtures (45) . Porous graphitized carbon is well suited for enriching glycopeptides with smaller peptide portions, but sufficient selectivity is not achieved with larger tryptic glycopeptides (112) . The glycopeptides recovered by one or a combination of enrichment methods are then analyzed using MS (MALDI or ESI), which can be used to obtain spectra of intact glycoproteins, glycopeptides, or released glycans (26). However, individual glycoforms can only be resolved from peptides containing a single glycosylation site. The challenge with quantitative and qualitative analysis of glycopeptides is that it is not always possible to obtain glycopeptides with just one glycosylation site, and not all glycosylation sites are necessarily occupied by glycan moieties, whereas others may be partially occupied. Details of the glycan structure can be obtained by exoglycosidase digestion or mass spectrometric fragmentation (113, 114) . A database of human N-linked glycosylation sites (UniPep) can be used for targeted biomarker identification, but O-linked protein glycosylations, which are often related to cancer, are not covered by the database (115) .
The analysis of phosphorylation related to membrane proteins on cancer cells has been very challenging because of frequent alterations in phosphorylation patterns and inconsistent reproducibility. The methods of phosphoproteomics have recently been reviewed (56, 62, 116 ), but only a few studies have described the methodology on biologically relevant samples using a combination of isotopic or chemical labeling, enrichment of phosphopeptides by immobilized metal affinity chromatography, and MS to compare and sequence phosphopeptides presented by multiple cancer cell lines (62, (117) (118) (119) .
Phosphoproteomics methods use MS analysis of fractions enriched in phosphopeptides by different ion exchange chromatographic techniques, including strong cation exchange, IMAC, and TiO 2 (103, 120) . Phosphospecific antibodies may also be used if tyrosine, serine, and threonine phosphorylations are specifically examined. A comprehensive study of protein phosphorylation should include the identification of phosphoproteins and sites of phosphorylation, identification of the kinases and phosphatases involved in the phosphorylation process, and a description of the biological events following the phosphorylation (103) . Current methods for phosphopeptide enrichment, such as IMAC and TiO 2 chromatography, provide varying degrees of selectivity and specificity (58) . One of the major drawbacks of those strategies is the nonspecific binding of peptides containing acidic amino acids and the strong binding of multiphosphorylated peptides with IMAC and monophosphorylated peptides with TiO 2 . Multiphosphorylated peptides are generally suppressed in the ionization process to a higher extent than monophosphorylated peptides, and thus fractionation of mono-and multiphosphorylated peptides through sequential elution from immobilized metal affinity chromatography overcomes this obstacle (121). Thingholm et al. (122) described an efficient method that combines PM protein fractionation with TiO 2 -based phosphopeptide enrichment in a cell model of human mesenchymal stem cells; they assigned 703 unique phosphorylation sites in 376 phosphoproteins.
Protein Quantification Methods-Because most diseaseassociated markers are not exclusively expressed in either the disease or the "healthy" state, quantification of protein expression differences must be included in marker identification strategies. Such quantitative proteomics approaches include comparison of proteins expressed in specific subcellular components, such as the PM as well as their PTMs (123) . Several quantitative profiling studies of PM proteins on different cell types and at specific differentiation or disease stages have identified novel molecular markers that may be recognized by monoclonal antibodies and other protein molecules (124 -126) . The optimal quantification strategy for proteins and PTMs is independent of subcellular origin; however, some strategies may be advantageously used when examining tissue specimen, whereas others may be more effective when examining cell lines.
The quantification strategies used in combination with MSbased proteomics are often based on the introduction of stable isotopes into the samples, which can be done either by metabolic, chemical, or proteolytic labeling. The most widely used metabolic labeling strategy is stable isotope labeling by amino acids in cell culture (SILAC). SILAC is simple and powerful because the label is introduced prior to protein purification but can mainly be applied to cells in culture. Several of the previously cited studies have used SILAC to identify PM proteins differentially expressed between two cell lines (18, 19, 22, 23, 71) , and the method was carefully reviewed by Mann (127) .
Quantitative proteomics using chemical and proteolytic labels is, in contrast to SILAC, sensitive to variations in protein purifications between the compared samples because the labels are introduced after protein purification. On the other hand, labeling following protein purification enables labeling of material without metabolic activity, such as PM proteins obtained from surgically excised frozen tissue specimens. Examples of chemical and proteolytic labels include ICAT (cleavable isotope-coded affinity tags), iTRAQ (stable isotope-tagged amine-reactive reagents), and 18 O (128 -132) . ICAT consists of a reactive group, which reacts with cysteine residues; a linker containing the stable isotopes; and a biotin tag for purification of labeled peptides. The specificity for cysteines and the subsequent affinity purification reduce the complexity of the peptide mixtures but may also eliminate peptides of special interest (129, 133) . Ramus et al. (134) developed a strategy using ICAT in the presence of high concentrations of SDS and urea followed by electrophoresis and enzymatic digestion to obtain quantitative data from the highly hydrophobic membrane proteins of murine embryonic stem cells. ICAT was also used by Pawlik et al. (135) to compare nipple aspirate fluid from patients with early breast cancer versus healthy controls. They found a higher content of vitamin D-binding protein in nipple aspirate fluid in breast cancer versus healthy controls, but the menopausal status of the two groups differed significantly, which may have influenced the results.
In the iTRAQ system, the tags react with the N termini of the peptide and lysine residues, thus tagging all peptides. The iTRAQ tags are designed to make the derivatized peptides isobaric and chromatographically indistinguishable and yield a signature of reporter ions in MS/MS mode (131). Han et al. (136) reported a strategy for PM proteins that combines gelassisted digestion, iTRAQ labeling, and LC-MS/MS for characterization of differentially expressed proteins of kidney cell plasma membranes from wild-type versus PKD1 knock-out mice. More than 100 proteins showed at least 2-fold up-or down-regulation (136) . Rajcevic et al. (137) focused on membrane-associated proteins in glioma xenografts transplanted in rats and profiled protein expression during the progression from an invasive to an angiogenic phenotype by iTRAQ combined with two-dimensional LC and MALDI-TOF/TOF MS. They extracted 1460 quantifiable proteins (137) . Ho et al. (138) used the iTRAQ labeling system to identify seven novel breast cancer metastasis-associated proteins in four cell lines with different metastatic potential and verified the differential expression of four of the proteins on 50 matched invasive and metastatic breast carcinomas.
Heavy oxygen ( 18 O) can be introduced into peptides through proteolytic labeling by digesting the proteins in the presence of H 2 18 O using trypsin, Lys-C, or Glu-C, which introduces one or two 18 O molecules into the peptides (132) . This technique is simple and works well with small amounts of sample, but the major drawback is that the labeling is not homogeneous, i.e. sometimes one 18 O is incorporated, whereas at other times, two 18 O molecules are incorporated (139). Kristiansen et al. (140) used 18 O labeling to compare proteins exhibiting altered expression between frozen xenografts derived from two human cholangiocarcinomas and frozen normal human biliary tract tissue. Chi et al. (141) used 18 O labeling in combination with laser capture microdissection to identify proteins expressed more highly in oral cancer versus adjacent non-tumor tissue. Stockwin et al. (142) performed a quantitative proteomics analysis of PM from hypoxia-adapted murine B16F10 melanoma using differential 18 O stable isotopic labeling and multidimensional liquid chromatography-tandem MS. The analysis resulted in quantitative information for 2433 proteins (142) .
An alternative to the stable isotope-based strategies is the label-free approach, which is based on ion intensity quantification either by counting the fragment spectra of the peptides identifying the different proteins or by measuring the chromatographic peaks of the peptides. This technique is cheaper to perform but requires the experiment to be repeated more times and required more robust computing power and algorithms. Rö wer et al. (143) applied label-free protein quantification on tissue samples from healthy breast and tumor to generate an invasive ductal breast carcinoma proteome signature consisting of 60 protein entries. Proteins from tumor tissue are most often quantified by either a label-free technique (144) or a postharvest labeling technique, e.g. chemical or enzymatic (135, 140) . However, metabolic labeling strategies can also be adapted for quantification of proteins in tissue samples (145, 146) . For example, Sihlbom et al. (146) used proteins derived from SILAC-labeled cells as internal standards to study the regeneration process in murine brain tissue. This method could potentially also be combined with PM protein purification to quantify and compare PM proteins within tissue specimens as depicted in Fig. 1.   FIG. 1 . Proteins derived from SILAC-labeled cell line can be used to provide internal standard for quantification of plasma membrane proteins obtained from tissue specimens.
Other Methods for Identification and Quantification of Membrane Proteins-Methods based on principles other than MS
are also used for biomarker discovery and include antibody arrays and subtractive immunization. Subtractive immunization allows scanning of the entire cell surface proteome and identification of molecules that exhibit altered expression between two cell types (147) . Concurrently, this method gives rise to monoclonal antibodies for further characterization of the identified proteins. The strategy is based on subtractive immunization of mice. Following immunization with one cell line, the mice are treated with a cytotoxic agent, which eliminates the stimulated B cells. Subsequently, the mice are immunized with the second cell line, giving rise to an immune response to those proteins that exhibit altered expression between the two cell lines (Fig. 2) .
APPROCHES FOR VALIDATION OF CLINICAL PROTEOMIC BIOMARKERS
High throughput proteomics, such as MS, is an excellent tool for biomarker discovery, but for further validation of a limited number of the identified proteins, including PM proteins, other high throughput methods, such as tissue arrays, antibody arrays, or ELISAs, may be advantageous. An exception is the use of MS to monitor selected peptides, e.g. using QconCAT, for identification and quantification of a set of predefined representative peptides.
Tissue Microarray-Tissue microarrays (TMAs), which allow simultaneous immunohistochemical analysis of tens to hundreds of samples on a single glass slide, have become an attractive validation strategy and also are sometimes described as a proteomics technique (148, 149) . This type of validation of potential novel biomarkers, including PM proteins, relies on access to large numbers of biological samples, e.g. biopsies of primary tumors and metastases collected and stored for research at hospitals (150) . Different cylindrical core sizes of tissue can be used ranging from 0.6 to 2 mm. More reliable assessment of the expression of a given protein includes two cores from a given tumor in the same block, either randomly selected or from predefined areas, such as the invasive front and a central area of the tumor. The readout of these TMAs, which should be based on predefined criteria, depends on the protein in question. In some instances, the readout is a simple positive/negative result, whereas for some other markers, particular features are evaluated, such as the staining intensity, percentage of positive tumor cells, and subcellular localization. The classical breast cancer markers ER, progesterone receptor, and HER-2/neu are typical examples of how different criteria define whether a clinical sample is positive or negative (151) . The readout of these assays often requires a highly skilled pathologist, and it may be beneficial to have two independent pathologists score the arrays to limit subjectivity. To make the readout more objective, different instruments have been developed for automated quantitative analysis of TMA (152) (153) (154) .
Antibody Arrays-Antibody arrays are used to detect the presence of a specific set of proteins in a given sample (serum, tissue homogenates, etc.) and are generated by spotting antibodies on a solid surface. They are the protein analog of cDNA arrays but are technically more difficult to make because proteins, including antibodies, are more complex in their composition, protein folding, denaturation, aggregation, and multimerization (155, 156) . The availability of specific antibodies in sufficient amounts is also a challenge. A particular problem related to PM proteins is that they may have altered conformation when they are no longer in the context of the PM, which might render them unrecognizable by the antibodies. Antibody arrays are useful for high throughput analysis of candidate biomarkers in patient samples (155, 157) . However, the method has a limited role in discoverybased identification of novel biomarkers where other platforms, such as MS, are better suited (155, 156) .
QconCAT-The QconCAT strategy enables absolute quantification of 10 -25 preselected peptides in a complex protein sample by using stable isotope-labeled peptides as reference. The strategy relies on the absolute quantification method AQUA in which a stable isotope-labeled synthetic internal standard peptide, which mimics a peptide produced during proteolysis of the target protein, is introduced at a known concentration to the sample prior to digestion. AQUA has been shown to be useful for quantification of both proteins and post-translational modifications (158) . The Qcon-CAT peptides are designed as a concatemer, i.e. a chain of DNA sequences. The concatemer is expressed in e.g. Escherichia coli, and the resulting polypeptide, consisting of concatenated peptides, is metabolically labeled with stable iso- topes similarly to SILAC. By spiking a protein sample with a known amount of the polypeptide prior to digestion, the absolute content of the peptides of interest can be determined by MS (159, 160) . The drawbacks of this method include a number of "trial and error" steps prior to selecting the correct peptides for each protein followed by purification and determination of the protein concentration.
CURRENT STATUS OF CLINICAL BIOMARKER DISCOVERY
Early Detection of Cancer-Clearly, the earlier a primary tumor is detected, the better the prognosis and response to treatment, including the possibility of a complete cure. However, current methods for early detection are insufficient, and most tumors are first detected at a late stage in which the tumor size is extensive and has invaded other tissues or spread to other organs. Identification of new methods for early detection is therefore of the utmost importance, and proteomics analysis of body fluids, such as serum, spinal fluid, saliva, or urine, is a promising area. In addition to the detection of early stage primary tumors, such tests may also be useful to follow cancer patients that are deemed clinically cured but for whom recurrence may occur. Some cancerassociated PM proteins or fragments thereof are released into the plasma/serum in increased amounts in patients with cancers. This can occur by exterior protein cleavage, membrane sloughing, or cell lysis, and these proteins may represent unique markers that might be useful for e.g. predicting disease progression (161) (162) (163) (164) (165) .
The extracellular domains of the two cancer-associated PM receptors HER-2/neu and EGFR are proteolytically released upon receptor activation and can be detected in serum. The value of serum HER-2/neu and EGFR levels has been evaluated in different cancers with somewhat conflicting results. Importantly, soluble EGFR is also present in healthy individuals, and one study found serum levels to be significantly higher in normal individuals than in patients with primary breast cancer (166) . In another study, a small subgroup of patients with decreased serum EGFR was identified and shown to exhibit significantly reduced survival compared with patients with normal serum EGFR levels. However, no significant differences in objective response rate, time to progression, or time to treatment failure were observed (167) . Another breast cancer study found that the serum EGFR and serum HER-2/neu levels at the onset of metastatic disease were not associated with overall survival, and no correlation was observed between expression of EGFR in primary tumors and EGFR serum levels (168) . In contrast, HER-2/neu serum levels at the time of metastatic disease correlated with HER-2/neu expression in the primary tumors as determined by immunohistochemistry (168) . Serum HER-2/neu therefore seems somewhat more promising and has been shown to be a useful marker for early prediction of probability of response, progression-free survival, and overall survival in patients with advanced breast cancer treated with metronomic chemotherapy (167) . An elevated serum HER-2/neu level as measured after 2 months of chemotherapy treatment was significantly associated with reduced long term clinical benefit. Serum HER-2/neu was also found to predict response to trastuzumab-based therapies as individuals who did not achieve a significant decline in serum HER-2/neu levels had decreased benefit from trastuzumab-based therapy (169) . Many of these findings need confirmation in other independent cohorts; however, overall, they seem promising.
Other fragments of serum PM proteins often detected in sera of cancer patients include soluble forms of PM glycoprotein CD44 that functions as a receptor for hyaluronan and is involved in cell-cell and cell-matrix adhesion, cell migration, and signaling. CD44 is found in several isoforms, including a standard CD44 (CD44s) and different variable forms (CD44v). CD44 may be shed or released into circulation by proteolytic enzymatic mechanisms. Alternative splicing of CD44 and aberrant levels of soluble CD44v in the serum of cancer patients have been correlated to tumor progression and metastasis in different tumors, including breast, colon, and head, and neck cancer (170) . Soluble CD44v can be modified by different glycotopes, some of which have been found to be highly expressed in patients with cancers, whereas other glycotopes are frequently found in patients with benign disorders (171) .
Prognostic Markers-Different sources of patient tissue, such as the tumor itself, serum, or other bodily fluids, may be used for prediction of prognosis, although currently most studies have focused on serum. In a recent proteomics study aimed at identifying prognostic serum biomarkers of breast cancer, preoperative serum samples obtained from 48 breast cancer patients and 28 controls were used to generate MALDI-TOF MS protein profiles (172) . Among 533 common peaks, the investigators identified 72 peaks exhibiting statistically significant intensity differences between cases and controls. They subsequently constructed a diagnostic rule based on these 72 mass values with cross-validated sensitivity and specificity of ϳ85%. Although the study yielded relatively high sensitivity and specificity, which are in the same range as those of a few other protein profiling studies in breast cancer where sensitivities and specificities were reported (173, 174) , these values are still too low for direct clinical implementation of these methods. In addition, cross-center validation to verify the clinical significance of the results is needed. The identities and general applicability of these markers were not defined in this study. Although some of these profiles can distinguish between cancer and healthy controls, the discriminating peaks/proteins may not be cancer-related but rather a sign of inflammation, which may be seen in multiple disease conditions. This limits their utility as a standalone tumor marker, but they may still be useful in a multimarker panel for early detection of cancer.
Prediction of Benefit to Given Treatment-Very few studies have used discovery-based proteomic approaches, such as MS, to develop predictive marker profiles. In breast cancer, the expression of ER, as measured by immunohistochemistry, is predictive of response to adjuvant endocrine treatments with tamoxifen and aromatase inhibitors (175, 176) . Although tamoxifen is of great benefit for many patients, recurrence occurs in ϳ30% of patients within 15 years despite adequate treatment (177) . Thus, there is a need to identify a marker that indicates whether a given patient would benefit from endocrine treatment or whether chemotherapy should be added. Umar et al. (178) performed proteomics analysis of clinical primary ER-positive breast cancer samples from patients that had either objective response or disease progression following tamoxifen treatment of metastatic disease. For the marker discovery phase, laser-captured microdissected cancer cells from each of the two groups of patients were pooled and compared using nano-LC-FTICR-MS. Sample pooling limits the number of samples that need to be analyzed but also makes it impossible to determine whether the increase of a given protein is intense in just one sample or a more moderate increase in all the samples. The verification phase of such studies is thus very important. Here, the authors used whole tissue sections from the patients who were already included in the discovery phase and processed them individually using targeted MS/MS (178) . The authors verified 47 of the initial 100 proteins that exhibited altered expression between the two groups. Only a few of these were membrane proteins. The expression of the top candidate, extracellular matrix metalloproteinase inducer, was validated in an independent patient cohort using TMAs and shown to be expressed more highly in therapy-resistant versus -sensitive tumors. CONCLUSION PM proteins have attracted significant attention as biomarkers for disease diagnosis, prognosis, monitoring, and treatment benefit prediction. In addition, they may serve as potential targets for drug therapy, a fact already proven as two-thirds of all drugs targeting proteins are directed against PM proteins. However, PM proteins are hydrophobic and possess a variety of PTMs, which require more sophisticated proteomics methods for their separation and identification. Although most proteomics studies of PM proteins are currently using cell lines, newer proteomics strategies for PM biomarker identification in clinical tissue samples, such as tumors, are being developed. Future effort should focus on optimizing these strategies and performing MS-based proteomics on clinically well characterized tissue samples. Study design is essential to effectively address the clinical problem in question, including selection of proper patient materials and sufficient numbers of samples stored under optimal conditions. These efforts require close collaborations between translational researchers, biostatisticians, pathologists, and clinicians. Moving markers from the discovery phase to daily clinical practice is also a crucial area. It is a cumbersome process that requires marker verification, validation and assay development, and testing of large numbers of clinical samples, but these efforts should determine the clinical utility of proteomics in cancer patient care. 
